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Studies on the phylogeography and historic demogra-
phy of the marine ﬁsh fauna of the northeastern Atlantic
Ocean and the Mediterranean Sea have demonstrated the
impact of the Pleistocene glaciations on their populations
(Domingues et al., 2006, 2007a,b; Stefanni et al., 2006).
Estimates of sea surface temperatures (SST) of the north-
eastern Atlantic over the last 280 Kyr showed a clear gla-
cial/interglacial evolution and a steep north–south SST
gradient between 37 and 45N during the last glacial period
(Calvo et al., 2001). SST at the Azores region were esti-
mated to be 2–3C lower than present day values (CLI-
MAP, 1976; Crowley, 1981). The archipelago of Madeira,
located further south, experienced negligible variations in
SST, while the eastern islands of the Canaries were more
aﬀected due to their proximity to the continent (Fig. 1,
Calvo et al., 2001). Santos et al. (1995a) mentioned that
the drop in SST at the Azores, might have been enough
to promote the local disappearance of the warm water mar-
ine ﬁsh in the region. The same authors propose the
Madeira Islands and the western coast of Africa as glacial
refugia and source of ﬁsh for post-glacial colonization of
the Azores. Almada et al. (2001) argued that the warmer
water ﬁsh of the Atlanto-Mediterranean area survived in
two distinct glacial refugia which acted as sources of1055-7903/$ - see front matter  2007 Elsevier Inc. All rights reserved.
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cal/Subtropical Africa and Madeira, from which ﬁsh
reached the Azores, and another inside the Mediterranean,
from which the northeastern Atlantic waters adjacent to
the Mediterranean entrance were colonized during the
interglacials. These ideas have been supported by molecu-
lar studies on species like the pomacentrid Chromis limbata
(Domingues et al., 2006) and the blenniid Tripterygion
delaisi (Domingues et al., 2007a).
The Mediterranean has also been impacted by the Plesi-
tocene glaciations experiencing considerable reduction in
SST (Hayes et al., 2005), except for some preserved warm
water pockets in the southern regions of this Sea (Thiede,
1978). Eﬀects of the cooling events of the Mediterranean
have also been identiﬁed by the molecular analysis of C.
chromis (Domingues et al., 2005), T. delaisi (Domingues
et al., 2007a) and Diplodus sargus (Bargelloni et al., 2005;
Domingues et al., 2007b).
The species pair Parablennius parvicornis (Valenciennes,
1836) and P. sanguinolentus (Pallas, 1814) (Piscies: Blennii-
dae) constitutes a promising system to test the biogeo-
graphical hypothesis presented above. These blenniids
have been described as two distinct species (Almada
et al., 2005a) and their sister status has been demonstrated
in a molecular phylogeny of the northeastern Atlantic and
Mediterranean blenniids (Almada et al., 2005b). Almada
et al. (2005a) commented on the pattern of geographic dis-
tribution of the species pair, highlighting the interest of a
population survey to address biogeographical issues. Para-
blennius parvicornis occurs in the western African coast,
south of Cape Blanc to the Congo river, including the
Fig. 1. Parablennius parvicornis and P. sanguinolentus sampling locations. Individuals of P. parvicornis were collected in the islands of Fayal (Azores),
Madeira, and Tenerife (Canaries). Samples of P. sanguinolentus were collected in Cape of Gata.
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Verde. The distribution of P. sanguinolentus includes the
Mediterranean and the Atlantic coast between the Gulf
of Biscay and Morocco (north of Casablanca, Almada
et al., 2005a and references therein). The two species are
allopatric and are separated by a gap of at least 13 of lat-
itude. These ﬁshes are intertidal and are found in well-illu-
minated sites in sheltered areas with algae-covered rocks
(Bath, 1990; Zander, 1986). Like other blenniids, P. parvi-
cornis and P. sanguinolentus have demersal adhesive eggs
guarded by the male (Santos, 1989) and planktonic larvae
that remain in the water column for over a month (Santos
et al., 1995b; Ravento´s and Macpherson, 2001).
In this note we analyze mitochondrial control region
sequences of populations of P. parvicornis from the Atlan-
tic archipelagos of Azores, Madeira and Canaries and P.
sanguinolentus from a western Mediterranean location.
We aim at determining whether the phylogeography and
historical demography of these species ﬁt the biogeograph-
ical pattern proposed by Almada et al. (2001) and Santos
et al. (1995a).
2. Materials and methods
Samples of P. parvicornis were collected from the Azores
(Fayal), Madeira (Funchal) and Canaries (Tenerife). Indi-
viduals of P. sanguinolentus were collected from Spain
(Cape of Gata). A sequence of P. sanguinolentus from
Arra´bida (western coast of Portugal) available from Gen-
Bank database was also included in the analyses. Collec-
tion localities and date of collection are shown in Fig. 1
and Table 1. Fin clips were cut immediately after collection
of the individuals and stored at ambient temperature in
95% ethanol. Total genomic DNA was extracted by SDSproteinase K procedure and puriﬁed by standard chloro-
form and isopropanol precipitation (Sambrook et al.,
1989). Ampliﬁcation of the 50 hypervariable portion of
the mitochondrial control region (also called D-loop) was
accomplished with primers Lpro1 (Ostellari et al., 1996)
and 12S (Nesbo¨ et al., 1998), using an annealing tempera-
ture of 50 C. Direct sequencing was performed with both
primers with an ABI 3100 automated sequencer (Applied
Biosystems) yielding a ﬁnal fragment of 556 bp.
Sequences were aligned using CLUSTAL V (Higgins
et al., 1991) implemented by Sequence Navigator (Applied
Biosystems). Genetic diversity indexes (number of haplo-
types, haplotype diversity and nucleotide diversity) were
calculated. Population structure was determined by an
analysis of molecular variance (AMOVA; Excoﬃer et al.,
1997) and gene ﬂow (Fst) between populations was esti-
mated. These analyses were performed in the program
ARLEQUIN (version 2.000; Schneider et al., 2000).
A network of haplotypes was constructed using the sta-
tistical parsimony method (Templeton et al., 1992) imple-
mented in TCS (version 1.21, Clement et al., 2000).
The historical demography of each population was
examined using mismatch distributions analysis (Rogers
and Harpending, 1992; Rogers, 1995) performed in ARLE-
QUIN (version 2.000; Schneider et al., 2000). The parame-
ters of the expansion h0, h1 and s were computed and the
time of the expansion (t) was estimated using the formula
s = 2tl, where l is the mutation rate. In the absence of
an estimate of l for the mitochondrial control region of
blenniids, we used l = 8.24 · 108 that was estimated using
an internally calibrated molecular clock for two pomacen-
trid sister species separated by the closure of the isthmus of
Panama (Domingues et al., 2005). This value is very similar
to the one applied by Bowen et al. (2006) after a revision of
Table 1
Collection localities of Parablennius parvicornis and P. sanguinolentus used in the present study and diversity indexes for the mitochondrial control region
sequences
N nH Hd p Date of collection GenBank Accession Nos.
Parablennius parvicornis
Azores (Azo) 22 8 0.736 0.002 November 2002/June 2006 EF554601–EF554622
Madeira (Mad) 29 23 0.980 0.005 September 2003 EF554623–EF554651
Canaries (Can) 18 16 0.987 0.005 November 2005 EF554652–EF554669
Parablennius sanguinolentus
Arra´bida (Arr) 1 AY090789
Cape of Gata (CG) 14 6 0.604 0.001 July 2004 EF554670–EF554683
Number of individuals (N); number of haplotypes (nH); haplotype diversity (Hd); and nucleotide diversity (p) for each population are shown. Date of
collection and GenBank Accession Nos. are shown in the two last columns.
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Atlantic ﬁsh species. In addition Fu’s Fs neutrality test
(Fu, 1997) was used to detect possible population
expansions.3. Results
A total of 83 D-loop sequences were obtained and
deposited in GenBank database (Table 1). Madeira and
Canaries showed similar haplotype and nucleotide diversi-
ties, which were higher than the values for Azores and
Cape of Gata (Table 1). The AMOVA analysis showed
that 24.36% (P < 0.001) of the data variance was explained
by diﬀerences among populations. Gene ﬂow was shown to
be higher between Madeira and Canaries (Fst = 0.016,
P = 0.261) than between Azores and the other archipelagos
(Fst = 0.385, P = 0.000 for Azores and Madeira and
Fst = 0.280, P = 0.000 for Azores and Canaries).
The haplotype networks of the two species are not con-
nected at the conﬁdence level of 95% (Fig. 2). Ancestral
haplotypes in each network were inferred as the ones that
yielded the highest outgroup weights (Castelloe and Tem-
pleton, 1994). Both networks showed very simple patterns
with few mutational steps separating the most divergent
haplotypes from the ancestror (two steps in the case of P.
sanguinolentus and 6 steps in the case of P. parvicornis).
Parablennius parvicornis show two common haplotypes,
diﬀering by four mutations, from which the remaining
haplotypes derive by one or two mutations. Haplotypes
were shared between Azores, Madeira and Canaries popu-
lations and genetic partition between the three populations
was not evident. Few network reticulations are observed
suggesting the existence of moderate homoplasy.
The model of sudden expansion was not rejected for any
of the populations (Table 2) and mismatch distributions
were unimodal (ﬁgures not shown). While the values of h
(the compound parameter representing the mutation rate
and the female eﬀective population size) were similar before
the expansion (h0) in the four populations, the values cor-
responding to the same parameter after the expansion
(h1) were much higher in the Azores and Cape of Gata.
Population expansions seemed to have occurred morerecently in the Azores and Cape of Gata than in Madeira
and Canary islands.4. Discussion
Our results showed that P. parvicornis from the Atlan-
tic archipelagos of Azores, Madeira and Canaries are
genetically connected with a particular strong connection
of Madeira and Canaries. In this study we wanted to test
whether populations of P. parvicornis were diﬀerentially
aﬀected by the Pleistocene glaciations. Evolutionary rela-
tionships among P. parvicornis haplotypes resulted in a
star-like network (Fig. 2), which is consistent with a
recent demographic expansion following a considerable
reduction in population size. In the parsimony network
Azorean haplotypes tend to be closer to the ancestral
one while in Madeira and Canaries there are haplotypes
linked by more mutational steps to the most common
one. This suggests that if bottlenecks took place in these
islands the loss of genetic diversity was less accentuated
for Madeira and Canaries than for the Azores. The his-
torical demography analysis revealed the existence of a
past population expansion for all the populations (Table
2). Comparison of h0 and h1 values (the compound
parameter representing the mutation rate and the female
eﬀective population size before and after the expansion,
respectively), showed that the demographic expansion of
P. parvicornis was more accentuated in the Azores than
in Madeira and Canary islands. According to CLIMAP
(1976) and Crowley (1981) SST during the Pleistocene gla-
ciations decreased about 2–3 C in the Azores region.
Santos et al. (1995a) suggested that such a decrease would
have been enough to promote the local disappearance of
warm water species such as P. parvicornis from the
Azores. The less aﬀected tropical western coast of Africa,
the archipelago of Madeira, the westernmost Canary
islands and some regions of the Mediterranean have been
shown to act as refugia for species that were not able to
survive the cold phases in the northern Atlantic locations
(Domingues et al., 2006, 2007a,b). Our ﬁndings support
this hypothesis. Indeed, P. parvicornis from the Azores
show a strong and recent population expansion that
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Fig. 2. Statistical parsimony network of Parablennius parvicornisD-loop haplotypes. Empty circles represent missing haplotypes. Ancestral haplotypes for
each network (Castelloe and Templeton, 1994) are in grey. The size of the circles is proportional to the haplotype frequency. Shared haplotypes are deﬁned
in the table. See Fig. 1 for labels.
Table 2
Estimated values for the expansion model for each population of Parablennius parvicornis and P. sanguinolentus obtained from the D-loop sequences
SSD P h0 h1 s t (Kyr ago) Fu’s Fs P
Parablennius parvicornis
Azores 0.006 0.380 0.000 1693 0.228–2.189 1.61–15.5 4.247 P < 0.05
Madeira 0.004 0.460 1.184 40.78 1.132–5.177 8.01–36.1 23.149 P < 0.001
Canaries 0.018 0.360 0.005 8.198 2.051–8.389 14.5–59.3 13.419 P < 0.001
Parablennius sanguinolentus
Cape of Gata 0.001 0.840 0.000 1252 0.000–1.911 0.00–13.5 5.997 P < 0.001
SSD (sum of square deviations) and its probability P; h0 and h1(compound parameter representing the mutation rate and the female eﬀective population
size before and after expansion, respectively); and s (time in generations). The time of the expansion (t) is also presented. Fu’s Fs neutrality test and its
probability P are shown in the last two columns.
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12 Kyr (Table 2), when, although already after the Last
Glacial Maximum, a large-scale cooling occurred (Lam-
beck et al., 2002). According to our data, demographic
expansions of P. parvicornis in Madeira and Canaries
were less pronounced and occurred earlier than in the
Azores. Interestingly, Azorean ﬁsh show lower genetic
diversity than Madeira and Canaries populations (Table
1). Lower levels of genetic diversity are typical of recent
populations or of populations that have experienced arecent bottleneck, like the one we propose to have
occurred in P. parvicornis from the Azores. According
to this scenario, P. parvicornis from the Azores resulted
from a post-glacial colonization having its origin in south-
ern, and thus less aﬀected, regions like Madeira. Eddies
moving from Madeira towards the Azores, which persist
for many weeks and retain the characteristic of the water
mass that originated them, have been documented (Santos
et al., 1995a and references therein). These eddies can eas-
ily transport the pelagic larvae of P. parvicornis, which
V.S. Domingues et al. / Molecular Phylogenetics and Evolution 46 (2008) 397–402 401remain in the water current for over a month (Santos
et al., 1995b).
In this study, we were also interested in assessing the
eﬀects of this climatic event on one population of P. san-
guinolentus (the sister species of P. parvicornis) from the
western Mediterranean. Considerably reductions in SST
during the Pleistocene have also been described for the
Mediterranean Sea (Hayes et al., 2005), with warm water
ﬁsh species being conﬁned to southern warmer pockets
(Thiede, 1978). The genetic diversity indices and demo-
graphic parameters obtained for P. sanguinolentus from
Cape of Gata yielded a pattern similar to the one obtained
for the Azorean P. parvicornis. It is thus likely that this
population of P. sanguinolentus has been drastically
reduced during the Pleistocene glaciations having its origin
in a post-glacial colonization from the preserved regions of
the Mediterranean.
Results on P. parvicornis and its sister species P. san-
guinolentus presented in this study add to the growing
evidence of a biogeographical scenario for the Atlanto-
Mediterranean warm water benthic species. Previous
work on other warm water benthic ﬁsh species such as
Tripterygion delaisi (Domingues et al., 2007a) and C. lim-
bata/C. chromis (Domingues et al., 2006) pointed to the
existence of two groups of populations: one including
the Mediterranean and the Atlantic coast of western Eur-
ope and another encompassing the western tropical coast
of Africa and the Atlantic archipelagos of the Macarone-
sia. This pattern may reﬂect the diﬀerent eﬀects of the
Pleistocene glaciations on warm water ﬁshes that must
have become extinct or suﬀered considerable reductions,
in some regions where sea surface temperatures were seri-
ously reduced (western coast of Europe, Azores, eastern
Canaries and northern Mediterranean), surviving in less
aﬀected regions that acted as refugia. Recolonization of
the aﬀected locations may have been possible in the last
10 Kyr, from the western tropical coast of Africa, the
western Canaries and Madeira islands, in the case of
the Azores, and the southwestern Mediterranean in the
case of the Atlantic shores of Iberia (Almada et al.,
2001). As suggested by Almada et al. (2001) the opera-
tion of this double system of refugia through the entire
series of glaciations may have also promoted speciation
with the formation of multiple sister species pairs involv-
ing one Afro-Macaronesian species and one in the Med-
iterranean and adjacent Atlantic waters.
Acknowledgments
We are grateful to N. Serpa and R. Arau´jo for pro-
viding samples. We also thank Estac¸a˜o Marı´tima do
Funchal and Parque Natural de Cabo de Gata- Nijar
(D. Moreno) for ﬁeld work support. Vera S. Domingues
has a doctoral fellowship from the Portuguese Founda-
tion for Science and Technology (FCT) (SFRH/BD/
13069/2003). Sergio Stefanni is a postdoctoral fellow
funded by FCT (SFRH/BPD/14981/2004). Research atISPA-UIE (UI& D #331/94) and IMAR-DOP/UAz
(UI& D #531 and LA#9) are funded by FCT through
pluri-annual and programmatic funding schemes (FED-
ER). IMAR-DOP/UAz research is also granted by
DRCT (Azores, Portugal). This study was funded by
the FCT research Grant PNAT/BIA/15017/99 and this
study contributes to MarBEF (Network of Excellence:
‘‘Marine Biodiversity and Ecosystem Functioning’’—con-
tract no. GOCE-CT-2003-505446).
References
Almada, F., Almada, V.C., Domingues, D., Brito, A., Santos, R.S., 2005a.
Molecular validation of the speciﬁc status of Parablennius sanguino-
lentus and Parablennius parvicornis (Pisces, Blenniidae). Sci. Mar. 69,
519–523.
Almada, F., Almada, V.C., Guillemaud, T., Wirtz, P., 2005b. Phylogenetic
relationships of the north-eastern Atlantic and Mediterranean blenni-
ids. Biol. J. Linn. Soc. 86, 283–295.
Almada, V.C., Oliveira, R.F., Gonc¸alves, E.J., Almeida, A.J., Santos,
R.S., Wirtz, P., 2001. Patterns of diversity of the northeastern Atlantic
blenniid ﬁsh fauna (Pisces:Blenniidae). Global Ecol. Biogeogr. 10, 411–
422.
Bargelloni, L., Alarcon, J.A., Alvarez, M.C., Penzo, E., Magoulas, A.,
Palma, J., Patarnello, T., 2005. The Atlantic–Mediterranean transi-
tion: discordant genetic patterns in two seabream species, Diplodus
puntazzo (Cetti) and Diplodus sargus (L). Mol. Phyl. Evol. 36, 523–535.
Bath, H., 1990. Blenniidae. In: Quero, J.C., Hureau, J.C., Karrer, C., Post,
A., Saldanha, L. (Eds.), Check-list of the Fishes of the Eastern
Tropical Atlantic (CLOFETA). JNICT, Lisbon, pp. 905–915.
Bowen, B.W., Muss, A., Rocha, L.A., Grant, W.S., 2006. Shallow
mtDNA coalescence in Atlantic pygmy angelﬁshes (Genus Centropyge)
indicates a recent invasion from the Indian Ocean. J. Hered. 97, 1–12.
Calvo, E., Villanueva, J., Grimalt, J.O., Boelaert, A., Labeyrie, L., 2001.
New insights into the glacial latitudinal temperature gradients in the
north Atlantic. Results from UK
037 sea surface temperatures and
terrigenous inputs. Earth Planet. Sci. Lett. 188, 509–519.
Castelloe, J.T., Templeton, A.R., 1994. Root probabilities for intraspeciﬁc
gene trees under neutral coalescent theory. Mol. Phylogent. Evol. 3,
102–113.
Clement, M., Posada, D., Crandall, K.A., 2000. TCS: a computer
program to estimate gene genealogies. Mol. Ecol. 9, 1657–1660.
CLIMAP, 1976. The surface of Ice-Age Earth. Science, 191, pp. 1131–
1137.
Crowley, T.J., 1981. Temperature and circulation changes in the eastern
north Atlantic during the last 150,000 years: evidence from the
planktonic foraminiferal record. Mar. Micropaleontol. 6, 97–129.
Domingues, V.S., Bucciarelli, G., Almada, V.C., Bernardi, G., 2005.
Historical colonization and demography of the Mediterranean dam-
selﬁsh, Chromis chromis. Mol. Ecol. 14, 4051–4063.
Domingues, V.S., Santos, R.S., Brito, A., Almada, V.C., 2006. Historical
population dynamics and demography of the eastern Atlantic poma-
centrid Chromis limbata (Valenciennes, 1833). Mol. Phyl. Evol. 40,
139–147.
Domingues, V.S., Almada, V.C., Santos, R.S., Brito, A., Bernardi, G.,
2007a. Phylogeography and evolution of the tripleﬁn Tripterygion
delaisi (Pisces, Blennioidei). Mar. Biol. 150, 509–519.
Domingues, V.S., Santos, R.S., Brito, A., Alexandrou, M., Almada, V.C.,
2007b. Mitochondrial and nuclear markers reveal isolation by distance
and eﬀects of Pleistocene glaciations in the northeastern Atlantic and
Mediterranean populations of the white seabream (Diplodus sargus,
L.). J. Exp. Mar. Biol. Ecol. 346, 102–113.
Excoﬃer, L., Smouse, P.E., Quattro, J.M., 1997. Analysis of molecular
variance inferred from metric distances among DNA haplotypes:
application to human mitochondrial DNA restriction data. Genetics
131, 479–491.
402 V.S. Domingues et al. / Molecular Phylogenetics and Evolution 46 (2008) 397–402Fu, Y.X., 1997. Statistical tests of neutrality of mutations against
population growth, hitchhiking and background selection. Genetics
147, 915–925.
Hayes, A., Kucera, M., Kallel, N., Sbaﬃ, L., Rohling, E.J., 2005. Glacial
Mediterranean sea surface temperatures based on the planktonic
foraminiferal assemblages. Quaternary Sci. Rev. 24, 999–1016.
Higgins, D.G., Bleasby, A.J., Fuchs, R., 1991. CLUSTALV: improved
software for multiple sequence alignment. Cabios 8, 189–191.
Lambeck, K., Esat, T.M., Potter, E.-K., 2002. Links between climate and
sea levels for the past three million years. Nature 419, 199–206.
Nesbo¨, C.L., Arab, M.O., Jakobsen, K.S., 1998. Heteroplasmy, length
and sequence variation in the mtDNA control regions of three percid
species (Perca ﬂuviatilis, Acerina cernua, Stizostedion lucioperca).
Genetics 148, 1907–1919.
Ostellari, L., Bargelloni, L., Penzo, E., Patarnello, P., Patarnello, T., 1996.
Optimization of single-strand conformation polymorphism and
sequence analysis of the mitochondrial control region in Pagellus
bogaraveo (Sparidae, Teleostei): rationalized tools in ﬁsh population
biology. Anim. Gen. 27, 423–427.
Ravento´s, N., Macpherson, E., 2001. Planktonic larval duration and
settlement marks on the otoliths of Mediterranean littoral Wishes.
Mar. Biol. 138, 1115–1120.
Rogers, A.R., 1995. Genetic evidence for a Pleistocene population
explosion. Evolution 49, 608–615.
Rogers, A.R., Harpending, H., 1992. Population growth makes waves in
the distribution pf pairwise genetic diﬀerences. Mol. Biol. Evol. 93,
552–569.Sambrook, J., Fritsch, E.F., Maniatis, T., 1989. Molecular Cloning a
Laboratory Manual, second ed. Cold Spring Harbor Laboratory
Press, New York.
Santos, R.S., 1989. Observac¸o˜es sobre os intervalos de desenvolvimento de
Blennius sanguinolentus Pallas (Pisces: Blenniidae). Arquivos do
Museu Bocage, Nova Se´rie I, 293–310.
Santos, R.S., Hawkins, S., Monteiro, L.R., Alves, M., Isidro, E.J., 1995a.
Marine research, resources and conservation in the Azores. Aquat
Conserv: Mar. Freshwater Ecosystems 5, 311–354.
Santos, R.S., Nash, R.D.M., Hawkins, S.J., 1995b. Age, growth and sex
ratio of the Azorean rock-pool blenny, Parablennius sanguinolentus
parvicornis. J. Mar. Biol. Assoc. UK 75, 751–754.
Schneider, S., Roessli, D., ExcoYer, L., 2000. ARLEQUIN, version 2.000:
A Software for Population Genetics Data Analysis. University of
Geneva, Switzerland.
Stefanni, S., Domingues, V., Bouton, N., Santos, R.S., Almada, F.,
Almada, V., 2006. Phylogeny of the shanny, Lipophrys pholis, from the
NE Atlantic using mitochondrial DNA markers. Mol. Phylogenet.
Evol. 39, 282–287.
Templeton, A.R., Crandall, K.A., Sing, C.F., 1992. A cladistic analysis of
phenotypic associations with haplotypes inferred from restriction
endonuclease mapping. III. Cladogram estimation. Genetics 132, 619–
633.
Thiede, J., 1978. A glacial Mediterranean. Nature 276, 680–683.
Zander, C., 1986. Blenniidae. In: Whitehead, P., Bauchot, M.L., Hureau,
J.C., Nielsen, J., Tortonese, E. (Eds.), Fishes of the North-Eastern
Atlantic and the Mediterranean. UNESCO, Paris, pp. 1096–1112.
